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Neurotrophin Binding to the p75 Receptor
Modulates Rho Activity and Axonal Outgrowth
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ganglion cells all express p75NTR at high levels duringAm Klopferspitz 18a
D-82152 Martinsried the outgrowth of axons. In dendrite-bearing neurons,
p75NTR is also expressed during the time of dendriticFederal Republic of Germany
arborization. Typically, the expression of p75NTR is mark-
edly downregulated following the arrival of axon termi-
nals in their target tissues (Yan and Johnson, 1988).Summary
Some neurons markedly upregulate p75NTR after section
of their axons, including those able to regenerate axonsWhile the neurotrophin receptor p75NTR is expressed
by many developing neurons, its function in cells es- after lesion such as the spinal cord motor neurons (Ern-
fors et al., 1989). Finally, the most extensively studiedcaping elimination by programmed cell death remains
unclear. The lack of intrinsic enzymatic activity of population of migrating cells in the nervous system, the
neural crest cells, also express p75NTR from the beginningp75NTR prompted a search for protein interactors ex-
pressed in the developing retina, which resulted in the of their segregation from the dorsal neural tube (Stemple
and Anderson, 1992).identification of the GTPase RhoA. In transfected cells,
p75NTR activated RhoA, and neurotrophin binding abol- In order to elucidate the signaling pathway of p75NTR
and possible novel biological functions, a yeast two-ished RhoA activation. In cultured neurons, inactiva-
tion of Rho proteins mimicked the effect of neuro- hybrid screen was carried out using the intracellular
domain of p75NTR as a bait. This resulted in the identifica-trophins by increasing the rate of neurite elongation. In
vivo, axonal outgrowth was retarded in mice carrying a tion of the GTPase RhoA as a p75NTR interactor. The
implications of this interaction are examined with regardmutation in the p75NTR gene. These results indicate that
p75NTR modulates in a ligand-dependent fashion the to the activity of Rho in biochemical and cellular assays.
activity of intracellular proteins known to regulate ac-
tin assembly. Results
p75NTR Interacts with RhoA
Introduction During early development, p75NTR is expressed at high
levels by newly born chick retinal ganglion cells (von
The neurotrophin receptor p75 (p75NTR) is a membrane Bartheld et al., 1991). While essentially all dying cells
glycoprotein that binds all neurotrophins identified so express p75NTR, it was also observed that many more
far (reviewed by Bothwell, 1995). In addition to its ability cells express p75NTR than die (Frade et al., 1996). This
to activate sphingomyelin hydrolysis (Dobrowsky et al., observation led us to prepare an expression library from
1994) and NF-kB (Carter et al., 1996), p75NTR has also RNA isolated from E5 chick retinae in the hope of identi-
been linked to programmed cell death (Rabizadeh et fying novel p75NTR interactors. The library was screened
al., 1993). Neurotrophin-induced, p75NTR-mediated cell in a yeast two-hybrid system using the intracellular do-
death has been described with primary cultures of oligo- main (ICD) of chick p75NTR, fused with a GAL4 DNA-
dendrocytes (Casaccia-Bonnefil et al., 1996) and of neu- binding domain (Figure 1). Two positive clones were
rons (Bamji et al., 1998; Davey and Davies, 1998), as found to be identical and to contain the entire open
well as in vivo (Frade et al., 1996; Bamji et al., 1998; reading frame of RhoA. Constructs containing only the
Frade and Barde, 1999). However, the expression of ªlinker regionº of p75NTR did not interact with RhoA, while
p75NTR by many nondying neurons suggests that this those including the six a helices of p75NTR did (Figure 1).
receptor is likely to be involved in other biological func- Coimmunoprecipitation studies were then performed
tions during development. A major difficulty in clarifying using 293 cells cotransfected with the p75NTR ICD and
the biological role of this receptor has been the nonenzy- wild-type RhoA tagged with a hemagglutinin epitope
matic nature of its cytoplasmic domain. Indeed, like all (HA-RhoA wt) (Figure 2). In line with the yeast two-hybrid
other members of this large gene family, including FAS/ results, HA-Rho efficiently precipitated p75NTR. In an at-
Apo-1/CD95 and both tumor necrosis factor receptors tempt to test if the interaction of Rho depends on its
(Nagata, 1997), p75NTR needs to associate with cyto- state of activation, we then tested the constitutively ac-
plasmic proteins to exert its signaling functions. tive mutant HA-Val14-RhoA. Because Val14-RhoA exhibits
p75NTR has an intriguing pattern of expression in the reduced GTPase activity and is insensitive to Rho
developing nervous system, including in particular major GTPase-activating proteins, it exists mainly in a GTP-
populations of neurons projecting axons over long dis- bound form (Ridley and Hall, 1992). In contrast to wild-
tances (Buck et al., 1987; Ernfors et al., 1988; Yan and type RhoA, only a faint signal could be detected, in spite
of comparable levels of expression of wild-type and
mutant proteins in 293 cells (Figure 2). Attempts to pull* To whom correspondence should be addressed (e-mail: yves_barde@
neuro.mpg.de). down full-length p75NTR with HA-RhoA from HN10 cells
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Figure 1. p75NTR Interacts with RhoA in the
Yeast Two-Hybrid System
p75NTR ICD, the linker region, or the six a heli-
ces±containing domain (see Liepinsh et al.,
1997) were expressed as fusion proteins with
the GAL4-binding domain (BD). Their interac-
tion with RhoA wt expressed as a fusion pro-
tein with the GAL4 activation domain (AD) was
examined by both a growth assay and a filter
assay for b-galactosidase activity. TM indi-
cates the transmembrane domain. The black
rectangle in ICD indicates the approximate
position of the mastoparan-like domain.
failed. The higher concentrations of detergents that had instead as a Rho regulator. 293 cells transiently trans-
fected with wild-type HA-RhoA were 32P labeled, andto be used to solubilize the receptor presumably dis-
rupted the interaction (data not shown). the radioactivity associated with RhoA was determined
by immunoprecipitation of RhoA followed by thin-layer
chromatography. As Rho proteins have a high intrinsicp75NTR Constitutively Activates RhoA
The inability of the Val14-RhoA mutant to immunoprecipi- GTPase activity, this assay precludes the detection of
radiolabeled GTP and reflects the nucleotide exchangetate p75NTR suggested that p75NTR is unlikely to be a
target of Rho, since it is typically the GTP-bound, active rates of Rho proteins (Laudanna et al., 1996; Crespo et
al., 1997). We compared the levels of [32P]GDP associ-form of Rho that interacts with its effectors. This
prompted us to examine whether p75NTR might function ated with RhoA in the presence or absence of cotrans-
fected p75NTR ICD or of empty vector. While the levels
were low in the absence of p75NTR, a massive increase
was observed in the presence of p75NTR (Figure 3A). The
extent of the increase was dependent on the expression
levels of p75NTR. Similar results were obtained when
RhoB (Figure 3A) or RhoC (data not shown) were used
instead of RhoA.
Ligand Binding to p75NTR Decreases Nucleotide
Labeling of Rho
Not only the cytoplasmic domain of p75NTR but also the
full-length receptor markedly increases [32P]GDP-RhoA
levels (Figure 3B). This opened the possibility of testing
the modulation of [32P]GDP-Rho levels by the ligands of
p75NTR. When cells were incubated with nerve growth
factor (NGF, 50 ng/ml) during the 32P labeling period
(16 hr), guanyl nucleotide labeling was greatly reduced
(Figure 3B). We then tested two other p75NTR ligands,
brain-derived neurotrophic factor (BDNF) and neuro-
Figure 2. Wild-Type Rho, but Not the Active Form of Rho, Precipi- trophin-3 (NT-3). Both were found to also inhibit nucleo-
tates p75NTR ICD tide labeling of RhoA by p75NTR, though to a lesser extent
(Top) Coimmunoprecipitation of p75NTR ICD with RhoA. HA-RhoA (Figure 3B). As NGF had no effect upon cells transfected
wt or HA-Val14-RhoA was immunoprecipitated with hemagglutinin with the cytoplasmic domain of p75NTR (data not shown),
antibodies from cells transfected with RhoA and/or p75NTR ICD. The
we conclude that the reduction of nucleotide labelingblot was reacted with antibodies to p75 ICD.
of RhoA by NGF is a consequence of its binding to the(Bottom) Expression of tagged Rho (wild type and mutant) or p75NTR
in cell lysates. extracellular domain of p75NTR. We next used HN10 cells,
p75NTR and Rho
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Figure 3. Precipitation of [32P]GDP-RhoA or
RhoB
(A) Following 32P labeling, cells transfected
with tagged RhoA or RhoB and with or with-
out p75NTR ICD were immunoprecipitated with
the anti-HA antibody. The radioactivity pre-
cipitated with Rho comigrated with a GDP
standard. More GDP is coprecipitated when
5 mg p75 ICD is used, compared with 1 mg;
5 mg p75 ICD was used in the RhoB exper-
iment.
(B) 293 cells were transfected with full-length
p75NTR and tagged RhoA and incubated with
or without neurotrophins (50 ng/ml each) dur-
ing the 32P labeling period. [32P]GDP was quan-
tified by scraping the thin-layer plates and
counting. Values represent relative amount of
radioactivity and are expressed as means 6
SEM of three experiments.
(C) HN10 cells were transfected with tagged
RhoA and incubated with or without neuro-
trophins (50 ng/ml each) during the 32P label-
ing period. [32P]GDP was quantified as in (B).
a cell line that constitutively expresses p75NTR (Lee et addition of NGF (50 ng/ml), extracts of 293 cells trans-
fected with full-length p75NTR and RhoA contained dra-al., 1990). Cross-linking experiments with radiolabeled
NGF indicated that p75NTR was the only cell surface pro- matically less GTP-RhoA (Figure 4). This inactivation
persisted for several hours following continuous expo-tein binding NGF in these cells (data not shown). While
the extent of the decrease of Rho labeling following sure to NGF (Figure 4). Similar results were obtained
with BDNF and NT-3 (also used at 50 ng/ml).neurotrophin addition was less than that seen with 293
cells, a clear and significant reduction was observed
with NGF (Figure 3C).
p75NTR-Mediated Modulation of Neurite Outgrowth
To investigate the significance of Rho regulation by
p75NTR in neurons, we used ciliary neurons isolated fromNGF Causes a Rapid Loss of RhoA Activation
To examine the time course of the action of neurotroph- chick embryos. Not only do these cells express p75NTR
and not the NGF tyrosine kinase receptor TrkA (seeins on Rho inactivation, we took advantage of a recently
developed assay allowing the precipitation of GTP-Rho Figure 5A), but they also have long been known to re-
spond to NGF by an increase in the rate of neurite elon-using the Rho-binding domain (RBD) of the effector pro-
tein Rhotekin (Ren et al., 1999). RBD only interacts with gation (Collins and Dawson, 1983). Antibodies to RhoA
and to p75NTR revealed that all cells express these pro-GTP-bound Rho. It inhibits both the intrinsic GTPase
activity of Rho and also its GTPase activity enhanced teins (Figure 5B). While ciliary neurons, like most other
embryonic neurons, spontaneously extend neurites onby GTPase-activating proteins. Thus, RBD can be used
as a convenient method to affinity precipitate cellular a polyornithine-laminin substrate, the addition of NGF
measurably increases neurite length, compared with un-GTP-Rho (Ren et al., 1999). The total amount of GTP-
Rho at a given time point can thus be measured. treated control cultures (Figures 5C and 6). Similar ef-
fects were observed following the addition of BDNF orThis assay revealed that within 10 min following the
Neuron
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Figure 4. Affinity Precipitation of GTP-Rho Using the Rho Effector
Protein Rhotekin
While the levels of GTP-Rho were massively increased by coexpres-
sion of full-length p75NTR with RhoA, background levels were ob-
served already 10 min after the addition of NGF to the medium.
Similar results were obtained with BDNF and NT-3. Neurotrophins
were used at the concentration of 50 ng/ml.
Figure 5. p75NTR-Mediated Neurite Outgrowth of Ciliary Neurons
(A) RT±PCR analysis of RNA extracted from ciliary ganglia.
While the trkA gene is not expressed in these ganglia at E10 or at
NT-3, albeit to a lesser extent (Figure 6). To demonstrate E14, p75NTR can clearly be detected at E10. At E14, the levels are
that neurotrophins stimulate neurite outgrowth by a lower, indicating a developmental downregulation of p75NTR, as ob-
p75NTR-dependent mechanism, we made use of the ob- served in most other tissues.
(B) Immunocytochemistry of p75NTR (left) or RhoA (right) using mono-servation that human NT-4/5 is not active on avian neu-
clonal antibodies. Essentially all of the neurons express both pro-rons (Davies et al., 1993) and used it as a competitive
teins in E10 ciliary neurons.antagonist. While inactive on its own at 50 mg/ml (Figure
(C) Ciliary neurons as observed 5 hr after plating on a polyornithin-
6) or 50 ng/ml (data not shown), NT-4/5 at the concentra- laminin substrate (left, control), in the presence of NGF (50 ng/ml,
tion of 50 mg/ml completely abolished the effects of NGF middle) or after trituration of C3 into the cells (right).
at 50 ng/ml (Figure 6).
We then tested the hypothesis that the effects of NGF
on neurite outgrowth are caused by a decreased activa- Reduced Outgrowth of Spinal and Sensory Nerves
in p75NTR-Deficient Micetion of Rho proteins. In order to specifically inactivate
the Rho protein, we employed the exoenzyme C3 trans- Prompted by the observed influence of neurotrophins
and Rho inhibitors upon neurite extension in vitro, weferase from Clostridium botulinum, which ADP ribosy-
lates Rho proteins (Aktories et al., 1987; Narumiya et al., analyzed mice deficient in the p75NTR gene for defects
in nerve outgrowth during embryogenesis. The strain of1988). The recombinant C3 transferase was introduced
into the cytoplasm of ciliary neurons by trituration (see mouse used carries a targeted deletion in the third exon
of p75NTR, which encodes the neurotrophin-binding do-Borasio et al., 1989). Like NGF, the C3 transferase
caused neurites to elongate faster (Figure 6). main of p75NTR (Lee et al., 1992). While a splice variant
of p75NTR is still expressed in these mice, this truncatedFinally, we tested the prediction that Rho activation
is located downstream of p75NTR in the signaling pathway protein is unable to bind neurotrophins (Dechant and
Barde, 1997). However, it is identical to the full-lengthactivated by NGF. When introduced into ciliary neurons,
the constitutively active mutant Val14-RhoA protein com- form of p75NTR in its transmembrane and cytoplasmic
domains (D. von Schack, G. Dechant, and Y.-A. B, un-pletely inhibited the action of NGF on neurite outgrowth
(Figure 6). On its own, the mutant Val14-RhoA had no published data). Whole embryos between 10.0 and 12.5
days post coitum (dpc) were stained with the mono-effect on neurite outgrowth, suggesting that the levels
of p75NTR expressed in the ciliary neurons saturate Rho- clonal antibody TuJ1, raised against the neuron-specific
marker b tubulin III (Moody et al., 1989). p75NTR 2/2 anddependent effects on inhibition of neurite outgrowth.
p75NTR and Rho
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16, 4 litters). Comparison of wild-type embryos in sepa-
rate litters, but with identical somite numbers, revealed
nerve growth rates identical to that of p75NTR 1/2 em-
bryos (data not shown).
Discussion
A yeast two-hybrid screen has identified RhoA as a
protein that interacts with the neurotrophin p75NTR recep-
tor. In vitro experiments established that p75NTR acts
as a constitutive Rho activator, that Rho activation is
modulated by binding of neurotrophins to p75NTR, and
that this interaction affects neurite outgrowth from ciliary
ganglion neurons. Examination of mice carrying a muta-
tion in the p75NTR gene revealed that the outgrowth of
sensory and spinal axons during embryogenesis is de-
layed, compared with wild-type embryos.
Activation of Rho by p75NTR
The Rho subgroup of Ras superfamily GTP-binding pro-Figure 6. Ciliary Neurons: Quantification of Neurite Outgrowth
teins is best known for its ability to control actin filamentNeurotrophins were used at 50 ng/ml, except for NT-4/5 (50 mg/ml),
assembly and the formation and maintenance of focaland average neurite outgrowth per neuron was determined using
cells fixed after 5 hr. The Rho inhibitory transferase C3 as well as adhesions (Ridley and Hall, 1992; Hotchin and Hall,
the constitutively active RhoA mutant Val14-RhoA were introduced 1996). The activity of these proteins is regulated by a
by trituration into the cells before plating. The results represent variety of intracellular proteins. The guanine nucleotide
means 6 SEM from three to six separate experiments. The asterisks
exchange factors (GEFs) promote the exchange of GDPindicate values significantly different (p , 0.05 by paired t test) from
for GTP, thereby activating their targets. The Rho GEFscontrol.
consist of two families that differ in the structure of their
catalytic domains. The first group comprises enzymes
with a Dbl homology domain (reviewed by Mackay andp75NTR 1/2 littermates were compared, and intralitter
differences in development were minimized by compar- Hall, 1998). The second subset is composed of Rho GDP
dissociation stimulators (GDS; Boguski and McCormick,ing embryos with equal somite number. At dpc 11.0
(42 somites), outgrowth of thoracic intercostal nerves 1993). While the structure of the intracellular domain of
p75NTR does not immediately suggest that it contains ain p75NTR 2/2 embryos was clearly retarded compared
to p75NTR 1/2 littermates (Figure 7A). Analysis of dpc Dbl or GDS domain, it has been noted early on that a
short sequence does show similarities with the 14-mer12.0 embryos (49 somites) indicated a similar delay,
though the intercostal nerves in p75NTR 2/2 embryos did peptide mastoparan (Feinstein and Larhammar, 1990).
Mastoparan is an amphiphilic component of waspprove capable of ramification (Figure 7B). A significant
delay was also observed in the innervation of superficial venom known to activate a number of GTP-binding pro-
teins (Higashijima and Ross, 1991), including Rho (Kochmotor axons in the forelimb (Figure 7B). These defects
were observed in all p75NTR 2/2 embryos observed (n 5 et al., 1991). The mastoparan-like domain of p75NTR is
Figure 7. Reduced Outgrowth of Sensory
and Motor Axons in p75NTR-Deficient Mice
Whole-mount immunostainings of embryos
at dpc 11.0 (A) and 12.0 (B) using the TuJ1
antibody, which recognizes the neuronal-
specific protein b tubulin III. p75NTR 1/2 and
p75NTR 2/2 littermates of the same somite
number were compared. Note the reduced
outgrowth in p75NTR 2/2 mutants of intercos-
tal nerves in the thoracic area and spinal
nerves in the forelimb. Rostral is to the right,
and dorsal is at the top of all panels. Scale
bar, 0.5 mm.
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now known to correspond to the fifth of the six a helices crest cells. Ligand binding to p75NTR would lead to de-
creased levels of Rho activation, and this could modu-of p75NTR (Liepinsh et al., 1997). In this context, it is
late the formation of actin filaments in such a way thatinteresting to note that the results of our experiments
the rigidity of the actin cytoskleton is decreased. Thewith subdomains of p75NTR indicate that the Rho-inter-
mechanisms by which Rho affects neuronal morphologyacting domain maps to the six a helix subdomain of
will need to be studied in detail, as our results openp75NTR (Figure 1).
the possibility that spatially restricted exposure of p75-Experiments with bacterially expressed p75NTR ICD
bearing cell bodies to neurotrophins may favor localizedfailed to indicate an GDP/GTP exchange activity on re-
axonal or dendritic outgrowth. In our assay with ciliarycombinant RhoA in in vitro assays. However, this may
neurons, we observed that while all three neurotrophinsnot be too surprising, as isoprenylation of Rho has been
tested enhance the rate of fiber outgrowth, NGF seemsreported to be prerequisite for its activation by masto-
to be more effective than BDNF or NT-3 (Figure 6). Ofparan (Koch et al., 1992). Posttranslational modifications
note is that in the [32P]GDP-Rho immunoprecipitationof p75NTR that may take place in yeast or 293 cells could
assay, NGF is also more effective than either BDNF oralso be required for p75NTR to exert its activity on Rho.
NT-3 in its downregulation of Rho activity (Figure 3B).If p75NTR would function as a simple transmembrane
With regard to experiments with cultured neurons, re-GEF for Rho, it would be expected that the expression
cent observations by others indicate that blocking Rhoof p75NTR into Swiss 3T3 fibroblasts may lead to the
activation increases the rate of neurite outgrowth (Jinformation of stress fibers. Somewhat unexpectedly, this
and Strittmatter, 1997; reviewed by Gallo and Letour-turned out not to be the case (C. D. Nobes and A. Hall,
neau, 1998). These neurons also express p75NTR, whichpersonal communication). It is possible that the expres-
presumably caused the activation of Rho proteins insion of endogenous inhibitors of Rho in Swiss 3T3 cells,
sensory neurons.such as the Rho-GDP dissociation inhibitor GDI, may
The reason why axonal elongation is retarded in mu-be sufficient to prevent the activation of Rho by a mem-
tant animals may be related to the lost ability of thesebrane-bound Rho activator like p75NTR.
animals to bind neurotrophins in a p75NTR-dependent
fashion. This would be in line with the results obtained
p75NTR and Other Signaling Molecules with ciliary neurons (Figure 6). Interestingly, there is evi-
While Rho appears to be the GTPase reported to associ- dence for the presence of a second transcript encoding
ate with p75NTR, there is rapidly growing evidence for a protein lacking the neurotrophin-binding domain, but
the association of this receptor with other molecules. with an intact cytoplasmic domain (D. von Schack, G.
In particular, p75NTR has been shown to associate with Dechant, and Y.-A. B, unpublished data; see also De-
the three other known neurotrophin receptors, TrkA, chant and Barde, 1997). It is conceivable that the levels
TrkB, and TrkC (Bibel et al., 1999), as well as with TRAF6 of this truncated form of p75NTR contribute to significant,
(Khursigara et al., 1999) and a zinc finger±containing ligand-independent levels of Rho activation. In future
molecule designated NRIF (for neurotrophin receptor studies, it will be interesting to determine the levels of
interacting factor; Casademunt et al., 1999). The diver- Rho activity in growing neurites in this p75NTR mutant,
sity of these associations is not surprising given the compared with wild-type embryos. Finally, we note that
number of biological properties reported for p75NTR. The axonal elongation is retarded but that it does not stall.
association with Trk receptors explains increases in li- Analyses at later time points are complicated by the fact
gand affinity and specificity (Mahadeo et al., 1994); the that there is a substantial decrease in the number of
recruitment of TRAF6 likely relates to the ability of p75NTR sensory neurons in this p75NTR mutant (Stucky and Kolt-
zenburg, 1997). In contrast, no cell loss is observed into activate NF-kB (Carter et al., 1996); and NRIF appears
sympathetic ganglia in this mutant (Brennan et al., 1999).to be involved in cell killing mediated by p75NTR (Casade-
Interestingly, a previous study noted that in sympatheticmunt et al., 1999). How the activation of Rho fits with
structures such as the pineal and subgroups of sweatthese previously described activities of p75NTR remains
glands, innervation by p75NTR-bearing sympathetic ter-to be seen. Rho has previously been reported to activate
minals is absent in the p75NTR mutant, even in the adultNF-kB (Mackay and Hall, 1998) and is discussed in the
(Lee et al., 1994).context of programmed cell death (reviewed by Gomez
With regard to cell migration, a previous study indi-et al., 1998). However, both in Schwann cells and in the
cated that treatment with NGF caused an increase indeveloping retina, the p75NTR-mediated activation of NF-
migration of Schwann cells, which, like most neural crestkB and of cell death have been shown to be ligand
derivatives, express high levels of p75NTR (Anton et al.,dependent (Carter et al., 1996; Frade et al., 1996), sug-
1994). We note that neural crest cells express not onlygesting that the relationships with the constitutive acti-
p75NTR (see, e.g., FarinÄ as et al., 1996) but also RhoB andvation of Rho reported here, if any, may not be straight-
RhoC (Liu and Jessell, 1998). As may be expected inforward.
view of their high degree of structural relatedness, p75NTR
activates not only RhoA but also RhoB. The possibility
p75NTR and Rho in the Nervous System exists then that the expression of p75NTR by neural crest
Our observations indicating a link between p75NTR and cells and their derivatives is used as a means to modu-
Rho, and thus to the actin cytoskeleton, are especially late their migratory behavior.
intriguing in view of the developmental pattern of ex- In conclusion, the finding of the constitutive activation
pression of p75NTR. It has long been observed that this of Rho by p75NTR reveals an aspect of the biology of this
receptor is expressed early in neurogenesis, during the receptor that is in line with its expression pattern. It
suggests a means by which axonal growth cones, neuralinitial phase of axonal elongation, as well as on neural
p75NTR and Rho
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RT±PCRcrest cells, and their derivatives may rapidly reorganize
Poly(A)1 RNA from E10 and E14 chick ciliary and from E10 dorsaltheir actin cytoskeleton as a result of binding ligands
root ganglia were extracted using the micro mRNA purification kitencountered during their navigation.
(Pharmacia), followed by cDNA synthesis using SuperScript Reverse
RNase-transcriptase (Gibco BRL). TrkA primers corresponded to
Experimental Procedures amino acids 1443±1462 and 1186±1205 (SchroÈ pel et al., 1995), glyc-
eraldehyde-3-phosphate dehydrogenase primers corresponded to
Yeast Two-Hybrid Analysis amino acids 659±678 and 1186±1205, and chick p75NTR primers
A yeast GAL4 two-hybrid screen was performed essentially as de- comprised 59-CCTGCCTGGACAGTGTGACC-39 and 59-TCTGCC
scribed (Vojtek et al., 1993; see also Stratagene library protocol). AGGGTGGTGGCC-39 (Large et al., 1989). p75NTR and TrkA cDNAs
Chick p75NTR ICD, helical domain (HD), or juxtamembrane linker re- were amplified for 33 cycles (598C for 30 s, 728C for 1 min, 948C for
gion cDNAs were prepared by polymerase chain reaction and ligated 30 s) and GAPDH cDNA for 30 cycles (658C for 30 s, 728C for 1 min,
into the vector pBDGAL4-Cam. The Saccharomyces cerevisiae 948C for 30 s).
strain HF7c was transformed with one of these vectors and the
vector PAD-GAL4-2.1 fused with a library of cDNA fragments from Recombinant Proteins
chick embryonic (E5) neural retina (oligo (dT)±primed Stratagene Val14-RhoA protein and C. botulinum C3 transferase were produced
custom two-hybrid cDNA library made from poly(A)1 RNA). Approxi- in bacteria as glutathione S-transferase (GST) fusion proteins, ac-
mately 8 3 106 transformants were screened, and 40 clones were cording to the manufacturers' instructions (Pharmacia), and then
isolated from the His-autotrophic and lacZ-positive colonies. Verifi- treated with Precision protease (Pharmacia) or thrombin (Phar-
cation of specificity of interaction between the baits and target macia), respectively, to remove the GST moiety (Nobes and Hall,
proteins were then performed by cotransformation, and finally two 1995). Thrombin was removed from the samples by aspiration to
true positive clones were obtained. minobenzamidin-agarose.
Coimmunoprecipitation of p75NTR and RhoA Chick Ciliary Ganglion Neurons and Neurite Outgrowth
Using the calcium phosphate precipitation method, 293 cells were Ciliary ganglia were removed from stage 35 White Leghorn chicken
transfected with pcDNA3 vectors containing HA-RhoA wt, or HA- embryos and dissociated into single cells by using trypsin as de-
Val14-RhoA (provided by Y. Takai), or chick p75NTR ICD. After 48 hr, scribed (Collins and Dawson, 1983). For trituration experiments,
the cells were lysed on ice for 20 min with lysis buffer (20 mM neurons were suspended in 25 mM Tris±HCl, 150 mM NaCl, and 5
Tris±HCl [pH 7.5], 1 mM EDTA, 5 mM MgCl2, 150 mM NaCl, 0.05% mM MgCl2 [pH 7.5], with Val14-RhoA at 5 mg/ml or with C3 transferase
NP40, 25 mg/ml leupeptin, and 25 mg/ml aprotinin). The lysates were at 0.1 mg/ml. They were triturated by slowly passing the suspension
centrifuged at 13,000 3 g for 20 min, and the supernatant was through a narrow bore pipette (Borasio et al., 1989; Jin and Strittmat-
collected. They were then incubated with an anti-HA antibody (Boeh- ter, 1997). The final concentration of NGF, BDNF, and NT-3 used
ringer Mannheim) for 2 hr, followed by incubation with protein Seph- was 50 ng/ml. The efficiency of the trituration procedure for neurons
arose A (Pharmacia) for 1.5 hr at 48C. The suspension was centri- was monitored by trituration with FITC-dextran (Sigma), and more
fuged at 1,000 3 g for 5 min. The pellets were washed four times with than 95% of neurons were found to be strongly fluorescent. After
lysis buffer and subjected to SDS±PAGE followed by immunoblot trituration, neurons were plated in 25 vol of culture medium con-
analysis using polyclonal anti-human p75 antibody (Promega). sisting of Ham's F12 medium (Gibco) containing 10% fetal calf se-
rum. Plastic culture dishes were coated sequentially with 100 mg/
ml poly-L-ornithine (Sigma) and 20 mg/ml laminin (Sigma). For out-In Vivo Nucleotide Labeling
growth assays, plated cells were incubated for 5 hr and were fixedRhoA, RhoB, and RhoC were N-terminally HA tagged and cloned
in 2% (w/v) glutaralaldehyde, and the neurite length per neuron wasinto pcDNA3 expression vectors. Chick p75 ICD and full-length chick
measured (Collins and Dawson, 1983).p75 constructs in pcDNA3 were also used. 293 cells or HN10 cells
were transfected using the calcium phosphate method. After trans-
fection, cells were cultured for 48 hr, serum starved in phosphate- Immunocytochemistry
free DMEM medium, labeled with [32P] orthophosphate (100 mCi/ml) Cultured neurons were fixed for 20 min at room temperature with
for 16 hr, and disrupted in lysis buffer (50 mM Tris±HCl [pH 7.5], 4% paraformaldehyde containing 0.1% glutaraldehyde in PBS [pH
20 mM MgCl2, 150 mM NaCl, 0.5% Nonidet-P40, 1 mM sodium 7.4] and 120 mM sucrose and were washed three times with PBS.
orthovanadate, 1 mM PMSF, 25 mg/ml leupeptin, and 25 mg/ml Cells were permeabilized with 0.5% Triton X-100/PBS and washed
aprotinin). Lysates were immunoprecipitated with an anti-HA mono- sequentially three times with PBS. Cultures were incubated over-
clonal antibody (Boehringer) for 2 hr using protein Sepharose A night with monoclonal antibodies either to chick p75NTR (provided
beads (Pharmacia/LKB). Immunoprecipitates were washed three by H. Tanaka) or to RhoA (Santa Cruz), followed by a Cy5-labeled
times in lysis buffer and twice in washing buffer (50 mM Tris±HCl anti-mouse monoclonal antibody for 1 hr. The specificity of the
[pH 7.5], 20 mM MgCl2, and 500 mM NaCl) and finally were resus- antibodies was assessed by Western blot analysis of cells express-
pended in 1 M KH2PO4 (pH 3.4). Bound nucleotides were released ing the proteins, and control experiments of immunocytochemistry
by heating at 688C and fractionated using polyethyleneimine thin- were performed by leaving out the primary antibodies.
layer chromatography plates. Radioactive spots, located by autora-
diography, were scraped off the plates and counted in a scintillation Whole-Mount Staining
b counter. While the [32P] levels were low both in control and in The strain of mice bearing a targeted disruption of the third exon
neurotrophin-exposed samples, they are comparable with those of the p75NTR gene (Lee et al., 1992) was originally obtained from
determined by others using this method (Laudanna et al., 1996). the Jackson Laboratory (Bar Harbor, Maine) on a mixed 129/SvJae
and BALB/c background. A wild-type control colony was derived
from the 1/1 progeny of mated p75NTR 1/2 siblings. p75NTR 2/2Affinity Precipitation of GTP-Rho
Transfected 293 cells were lysed in 50 mM Tris (pH 7.5) containing males were paired overnight with p75NTR 1/2 females, and females
displaying vaginal plugs were separated in the morning. Noon of1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mM
NaCl, 10 mM MgCl2, and 10 mg/ml each of leupeptin and aprotinin. this day is indicated as 0.5 dpc. Embryos were removed individually
in cold PBS, somite number was counted as a gauge to develop-Cell lysates were clarified by centrifugation at 13,000 3 g at 48C for
10 min, and the supernatants were incubated with the 20 mg of GST- mental stage, the head was sliced open dorsally to allow antibody
penetration, and a small piece of the tail was removed to produceRho-binding domain of Rhotekin beads at 48C for 45 min (Ren et
al., 1999). The beads were washed four times with washing buffer DNA for genotyping. PCR genotyping proceeded as described
(Frade and Barde, 1999). Eviscerated embryos were processed sep-(50 mM Tris [pH 7.5] containing 1% Triton X-100, 150 mM NaCl, 10
mM MgCl2, and 10 mg/ml each of leupeptin and aprotinin). Bound arately in a whole-mount staining procedure using a monoclonal
antibody (TuJ1) recognizing the neuron-specific b tubulin III proteinRho proteins were detected by Western blotting using a monoclonal
antibody against RhoA (Santa Cruz Biotechnology). (Moody et al., 1989), essentially as described (Lee et al., 1995).
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All incubations were carried out on a rocking table and at room the neurotrophin receptor p75NTR and participates in programmed
cell death. EMBO J. 18, 6050±6061.temperature, except for fixation and antibody incubations, which
were done at 48C. Embryos were placed in fixative (methanol:DMSO Collins, F., and Dawson, A. (1983). An effect of nerve growth factor
4:1) overnight and then bleached with fixative:30% H2O2 (5:1) for 6 on parasympathetic neurite outgrowth. Proc. Natl. Acad. Sci. USA
hr. Embryos were rehydrated to PBS/0.25% Triton X-100 by succes- 80, 2091±2094.
sive 1 hr incubations in 80%, 50%, 30%, and 0% methanol, followed Crespo, P., Schuebel, K.E., Ostom, A.A., Gutkind, J.S., and Bustelo,
by a 2 day incubation in blocking solution (fetal calf serum [Gibco X.R. (1997). Phosphotyrosine-dependent activation of Rac-1 GDP/
BRL]:DMSO 4:1, with 0.1% thimerosal) with a 1:200 dilution of TuJ1 GTP exchange by the vav proto-oncogene product. Nature 385,
(Berkeley Antibody Company). Embryos were washed six times for 169±172.
1 hr each in PBS and then incubated overnight in blocking solution
Davey, F., and Davies, A.M. (1998). TrkB signaling inhibits p75-containing a 1:200 dilution of horseradish peroxidase±conjugated
mediated apoptosis induced by nerve growth factor in embryonicgoat anti-mouse IgG secondary antibody (PIERCE). Embryos were
propioceptive neurons. Curr. Biol. 8, 915±918.then washed as before and incubated for 1 hr in 0.3 mg/ml diamino-
Davies, A.M., Horton, A., Burton, L.E., Schmelzer, C., Vandlen, R.,benzidine and 5 mg/ml NiCl2. H2O2 was added to 0.03% and the
and Rosenthal, A. (1993). Neurotrophin-4/5 is a mammalian-specificdevelopment reaction stopped after 10±30 min by a wash in PBS.
survival factor for distinct populations of sensory neurons. J. Neu-Embryos were cleared in glycerol and photographed.
rosci. 13, 4961±4967.
Dechant, G., and Barde, Y.A. (1997). Signalling through the neuro-
Acknowledgments
trophin receptor p75NTR. Curr. Opin. Neurobiol. 7, 413±418.
Dobrowsky, R.T., Werner, M.H., Castellino, A.M., Chao, M.V., andWe thank Drs. C. Bandtlow, Y. Takai, S. Narumiya, and A. Hall for
Hannun, Y.A. (1994). Activation of the sphingomyelin cycle throughproviding various expression plasmids; H. Tanaka for monoclonal
the low-affinity neurotrophin receptor. Science 265, 1596±1599.antibodies to chick p75NTR; X. R. Bustelo, S. Stamm, and A. Hartmann
Ernfors, P., Hallbook, F., Ebendal, T., Shooter, E.M., Radeke, M.J.,for suggestions; and H. Breitsameter for animal care. We are in-
Misko, T.P., and Persson, H. (1988). Developmental and regionaldebted to K. Nobes and A. Hall for helpful discussions and sugges-
expression of beta-nerve growth factor receptor mRNA in the chicktions and to K. Nobes for performing the Swiss 3T3 cell injection
and rat. Neuron 1, 983±996.experiments. T. Y. was supported by the Japan Heart Foundation
and a Bayer Yakuhin Research Grant Abroad and K. L. T. by a Ernfors, P., Henschen, A., Olson, L., and Persson, H. (1989). Expres-
postdoctoral fellowship from the European Molecular Biology Orga- sion of nerve growth factor receptor mRNA is developmentally regu-
nization. lated and increased after axotomy in rat spinal cord motoneurons.
Neuron 2, 1605±1613.
FarinÄ as, I., Yoshida, C.K., Backus, C., and Reichardt, L.F. (1996).Received September 1, 1999; revised October 12, 1999.
Lack of neurotrophin-3 results in death of spinal sensory neurons
and premature differentiation of their precursors. Neuron 17, 1065±
References 1078.
Feinstein, D.L., and Larhammar, D. (1990). Identification of a con-Aktories, K., Weller, U., and Chhatwal, G.S. (1987). Clostridium botu-
served protein motif in a group of growth factor receptors. FEBSlinum type C produces a novel ADP-ribosyltransferase distinct from
Lett. 272, 7±11.botulinum C2 toxin. FEBS Lett. 212, 109±113.
Frade, J.M., and Barde, Y.-A. (1999). Genetic evidence for cell deathAnton, E.S., Weskamp, G., Reichardt, L.F., and Matthew, W.D.
mediated by nerve growth factor and the neurotrophin receptor p75(1994). Nerve growth factor and its low affinity receptor promote
in the developing mouse retina and spinal cord. Development 126,Schwann cell migration. Proc. Natl. Acad. Sci. USA 91, 2795±2799.
683±690.
Bamji, S.X., Majdan, M., Pozniak, C.D., Belliveau, D.J., Aloyz, R.,
Frade, J.M., Rodriguez-Tebar, A., and Barde, Y.A. (1996). InductionKohn, J., Causing, C.G., and Miller, F.D. (1998). The p75 neurotrophin
of cell death by endogenous nerve growth factor through its p75receptor mediates neuronal apoptosis and is essential for naturally
receptor. Nature 383, 166±168.
occurring sympathetic neuron death. J. Cell Biol. 140, 911±923.
Gallo, G., and Letourneau, P.C. (1998). Axon guidance: GTPases
Bibel, M., Hoppe, E., and Barde, Y.A. (1999). Biochemical and func-
help axons reach their targets. Curr. Biol. 8, R80±R82.
tional interactions between the neurotrophin receptors trk and
Gomez, J., Martinez, C., Gonzalez, A., and Rebollo, A. (1998). Dualp75NTR. EMBO J. 18, 616±622.
role of ras and rho proteins: at the cutting edge of life and death.
Boguski, M.S., and McCormick, F. (1993). Proteins regulating Ras
Immunol. Cell Biol. 76, 125±134.
and its relatives. Nature 366, 643±654.
Higashijima, T., and Ross, E.M. (1991). Mapping of the mastoparan-
Borasio, G.D., John, J., Wittinghofer, A., Barde, Y.A., Sendtner, M., binding site on G proteins. Cross-linking of (125I-Tyr3,Cys11) maso-
and Heumann, R. (1989). ras p21 protein promotes survival and fiber paran to Go. J. Biol. Chem. 266, 12655±12661.outgrowth of cultured embryonic neurons. Neuron 2, 1087±1096.
Hotchin, N.A., and Hall, A. (1996). Regulation of the actin cytoskelton,
Bothwell, M. (1995). Functional interactions of neurotrophins and integrins and cell growth by the Rho family of small GTPases. Cancer
neurotrophin receptors. Annu. Rev. Neurosci. 18, 223±253. Surv. 27, 311±322.
Brennan, C., Rivas-Plata, K., and Landis, S.C. (1999). The p75 neuro- Jin, Z., and Strittmatter, S.M. (1997). Rac1 mediates collapsin-
trophin receptor influences NT-3 responsiveness of sympathetic 1-induced growth cone collapse. J. Neurosci. 17, 6256±6263.
neurons in vivo. Nat. Neurosci. 2, 699±705.
Khursigara, G., Orlinick, J.R., and Chao, M.V. (1999). Association
Buck, C.R., Martinez, H.J., Black, I.B., and Chao, M.V. (1987). Devel- of the p75 neurotrophin receptor with TRAF6. J. Biol. Chem. 274,
opmentally regulated expression of the nerve growth factor receptor 2597±2600.
gene in the periphery and brain. Proc. Natl. Acad. Sci. USA 84, Koch, G., Haberman, B., Mohr, C., Just, I., and Aktories, K. (1991).
3060±3063. Interaction of mastoparan with the low molecular mass GTP-binding
Carter, B.D., Kaltschmidt, C, Kaltschmidt, B, Offenhauser, N., Bohm- proteins rho/rac. FEBS Lett. 291, 336±340.
Matthaei, R., Baeuerle, P.A., and Barde, Y.A. (1996). Selective activa- Koch, G., Mohr, C., Just, I., and Aktories, K. (1992). Posttranslational
tion of NF-kB by nerve growth factor through the neurotrophin re- isoprenylation of rho protein is a prerequisite for its interaction with
ceptor p75. Science 272, 542±545. mastoparan and other amphiphilic agents. Biochem. Biophys. Res.
Casaccia-Bonnefil, P., Carter, B.D., Dobrowsky, R.T., and Chao, Commun. 186, 448±454.
M.V. (1996). Death of oligodendrocytes mediated by the interaction Large, T.H., Weskamp, G., Helder, J.C., Redeke, M.J., Misko, T.P.,
of nerve growth factor with its receptor p75. Nature 383, 716±719. Shooter, E.M., and Reichardt, L.F. (1989). Structure and develop-
Casademunt, E., Carter, B.D., Benzel, I., Frade, J.M., Dechant, G., mental expression of the nerve growth factor receptor in the chicken
central nervous system. Neuron 2, 1123±1134.and Barde, Y.-A. (1999). The zinc finger protein NRIF interacts with
p75NTR and Rho
593
Laudanna, C., Campbell, J.J., and Butcher, E.C. (1996). Role of Rho
in chemoattractant-activated leukocyte adhesion through integrins.
Science 271, 981±983.
Lee, H.J., Hammond, D.N., Large, T.H., Roback, J.D., Sim, J.A.,
Brown, D.A., Otten, U.H., and Wainer, B.H. (1990). Neuronal proper-
ties and trophic activities of immortalized hippocampal cells from
embryonic and young adult mice. J. Neurosci. 10, 1779±1787.
Lee, K.-F., Li, E., Huber, J., Landis, S.C., Sharpe, A.H., Chao, M.V.,
and Jaenisch, R. (1992). Targeted mutation of the gene encoding
the low affinity NGF receptor p75 leads to deficits in the peripheral
sensory nervous system. Cell 69, 737±749.
Lee, K.-F., Bachman, K., Landis, S., and Jaenisch, R. (1994). Depen-
dence on p75 for innervation of some sympathetic targets. Science
263, 1447±1449.
Lee, K.-F., Simon, H., Chen, H., Bates, B., Hung, M.-C., and Hauser,
C. (1995). Requirement for neuregulin receptor erbB2 in neural and
cardiac development. Nature 378, 394±398.
Liepinsh, E., Ilag, L.L., Otting, G., and Ibanez, C.F. (1997). NMR
structure of the death domain of the p75 neurotrophin receptor.
EMBO J. 16, 4999±5005.
Liu, J.P., and Jessell, T.M. (1998). A role for RhoB in the delamination
of neural crest cells from the dorsal neural tube. Development 125,
5055±5067.
Mackay, D.J.G., and Hall, A. (1998). Rho GTPases. J. Biol. Chem.
273, 20685±20688.
Mahadeo, D., Kaplan, L., Chao, M.V., and Hempstead, B.L. (1994).
High affinity nerve growth factor binding displays a faster rate of
association than p140trk binding. Implications for multi-subunit
polypeptide receptors. J. Biol. Chem. 269, 6884±6891.
Moody, S.A., Quigg, M.S., and Frankfurter, A. (1989). Development of
the peripheral trigeminal system in the chick revealed by an isotype-
specific anti-beta-tubulin monoclonal antibody. J. Comp. Neurol.
279, 567±580.
Nagata, S. (1997). Apoptosis by death factor. Cell 88, 355±365.
Narumiya, S., Sekine, A., and Fujiwara, M. (1988). Substrate for
botulinum ADP-ribosyltransferase, Gb, has an amino acid sequence
homologous to a putative rho gene product. J. Biol. Chem. 263,
17255±17257.
Nobes, C.D., and Hall, A. (1995). Rho, rac1, and cdc42 GTPases
regulate the assembly of multimolecular focal complexes associated
with actin stress fibers, lamellipodia and filopodia. Cell 81, 53±62.
Rabizadeh, S., Oh, J., Zhong, L.T., Bitler, C.M., Butcher, L.L., and
Bredesen, D.E. (1993). Induction of apoptosis by the low-affinity
NGF receptor. Science 261, 345±348.
Ren, X.D., Kiosses, W.B., and Schwartz, M.A. (1999). Regulation
of the small GTP-binding protein Rho by cell adhesion and the
cytoskelton. EMBO J. 18, 578±585.
Ridley, A.J., and Hall, A. (1992). The small GTP-binding protein rho
regulates the assembly of focal adhesions and actin stress fibers
in response to growth factors. Cell 70, 389±399.
SchroÈ pel, A., von Schack, D., Dechant, G., and Barde, Y.A. (1995).
Early expression of the nerve growth factor receptor ctrkA in chick
sympathetic and sensory ganglia. Mol. Cell. Neurosci. 6, 544±566.
Stemple, D.L., and Anderson, D.J. (1992). Isolation of a stem cell
for neurons and glia from the mammalian neural crest. Cell 71,
973±985.
Stucky, C.L., and Koltzenburg, M. (1997). The low-affinity neuro-
trophin receptor p75 regulates the function but not the selective
survival of specific subpopulations of sensory neurons. J. Neurosci.
17, 4398±4405.
Vojtek, A.B., Hollenberg, S.M., and Cooper, J.A. (1993). Mammalian
Ras interacts directly with the serine/threonine kinase Raf. Cell 74,
205±214.
von Bartheld, C.S., Heuer, J.G., and Bothwell, M. (1991). Expression
of nerve growth factor (NGF) receptors in the brain and retina of
chick embryos: comparison with cholinergic development. J. Comp.
Neurol. 310, 103±129.
Yan, Q., and Johnson, E.M., Jr. (1988). An immunohistochemical
study of the nerve growth factor receptor in developing rats. J.
Neurosci. 8, 3481±3498.
